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Abstract Fish are bioindicators of water pollution, and an
increased rate of their erythrocyte nuclear morphological ab-
normalities (ENMAs)—and particularly of erythrocyte
micronuclei (EMN)—is used as a genotoxicity biomarker.
Despite the potential value of ENMAs andMN, there is scarce
information about fish captured in Iberian estuaries. This is the
case of the Portuguese estuaries of the Mondego, Douro and
Ave, suffering from different levels of environmental stress
and where chemical surveys have been disclosing significant
amounts of certain pollutants. So, the aim of this study was to
evaluate genotoxicants impacts and infer about the exposure
at those ecosystems, using the grey mullet (Mugil cephalus) as
bioindicator and considering the type and frequency of nuclear
abnormalities of erythrocytes as proxies of genotoxicity.
Sampling of mullets was done throughout the year in the
important Mondego, Douro and Ave River estuaries (centre
and north-western Portugal). The fish (total n=242) were
caught in campaigns made in spring–summer and autumn–
winter, using nets or fishing rods. The sampled mullets were
comparable between locations in terms of the basic biometric
parameters. Blood smears were stained with Diff-Quik to assess
the frequencies of six types of ENMAs and MN (given per
1,000 erythrocytes). Some basic water physicochemical param-
eters were recorded to search for fluctuations matching the
ENMAs. Overall, the most frequent nucleus abnormality was
the polymorphic type, sequentially followed by the blebbed/
lobed/notched, segmented, kidney shaped, vacuolated, MN and
binucleated. The total average frequency of the ENMAs ranged
from 73‰ in the Mondego to 108‰ in the Ave. The polymor-
phic type was typically ≥50 % of the total ENMAs, averaging
about 51‰, when considering all three estuaries. The most
serious lesion—the MN—in fish from Mondego and Douro
had a similar frequency (≈0.38‰), which was significantly
lower than that in the Ave (0.75‰). No significant seasonal
differences existed as to the MN rates and seasonal differences
existed almost only in the Douro, with the higher values in AW.
In general, the pattern of ENMAs frequencies was unrelated
with the water physicochemical parameters. Considering the
data for both the total ENMAs and for each specific abnormal-
ity, and bearing in mind that values of MN in fish erythrocytes
>0.3‰ usually reflect pollution by genotoxicants, it is sug-
gested that mullets were likely being chronically exposed to
such compounds, even in the allegedly less polluted ecosystem
(Mondego). Moreover, data supported the following pollution
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exposure gradient: Mondego<Douro<Ave. The scenario and
inferences nicely agree with the published data from chemical
monitoring.
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Introduction
Pollution by genotoxicants is particularly dangerous in view
of their grave effects, such as enhancing of carcinogenesis,
generation of hereditary defects via germ-cell mutations or
induction of embryotoxicity, with adverse consequences rang-
ing from individuals to populations, with ecological costs
(Mitchelmore and Chipman 1998). Fish are important indica-
tors of water pollution and the emergence/rate of erythrocytes
nuclear morphological abnormalities (ENMAs), including the
erythrocytes micronuclei (MN), are being used to examine
both the exposure and effect of mutagenic compounds.
Indeed, the formation of MN in fish has been increasingly
used, in field and laboratorial studies, to detect both the
genotoxic potential of pollutants and as an indicator of chro-
mosomal injury (Al-Sabti and Hardig 1990; Al-Sabti and
Metcalfe 1995; Baršienė et al. 2012; Bolognesi et al. 2006;
Buschini et al. 2004; Cavalcante et al. 2008; De Flora et al.
1993; Hooftman and de Raat 1982; Hose et al. 1987; Minissi
et al. 1996; Rocha et al. 2009; Vigano et al. 2002; Winter et al.
2007). Besides, if by the one hand the appearance of MN in
fish is valuable in ecological risk assessment—even able to
disclose the risk of human exposure to drinking water with
genotoxicants—on the other hand, the affected fish also pose
risks, as feeding is well established as a major toxicant expo-
sure route in human populations (Oates and Cohen 2009;
Tijhuis et al. 2012).
In teleost fish, normal erythrocytes are generally oval, bearing
an elliptic nucleus. Changes in the nuclei morphology are good
indicators of exposure to genotoxic chemicals in the wild,
being also used experimentally in initial evaluations of
clastogenic potential; namely via the erythrocyte micronucle-
us test. The practical determination of MN frequency is a
simple and cheap process, despite being time-consuming,
particularly when conducted on a large field samples. MN
frequency in blood cells is also used in humans to assess the
exposure to genotoxic compounds, as illustrated in a study in
which greenhouse workers exposed to pesticides increased
their MN frequency (Costa et al. 2007). Moreover, it is known
for long that the MN analysis in erythrocytes shows the
general impact of genotoxicants occurring during the period
of erythrocyte development and circulation (Schlegel and
MacGregor 1982).
Significant ecotoxicological insights are gained from
analysing MN. For instance, in Amazonian fish (Porto et al.
2005) it was observed that piscivore species presented almost
five-fold higher MN rate than the detritivorous/omnivorous
species. So, the MN were useful in disclosing differential
exposure/effects, in addition to allowing correlations between
genotoxicity and mercury pollution. Another nice example
came from da Silva-Sousa and Fontanetti (2006), who used
MN and nuclear alterations on erythrocytes of Nile tilapia
(Oreochromis niloticus) to infer about the water quality status
of a Brazilian river; in accordance with the biomarkers, sub-
stances with clastogenic/aneugenic and cytotoxic potential
were found, mainly at the point matching the drainage of oil
shale plant wastes. More recently, Arslan et al. (2010) moni-
tored the Turkish Izmir bay and found that the frequency of
MN in a goby fish (Gobius niger) was higher in those loca-
tions highly impacted by wastes from dockyards. The three
above exemplificative studies skilfully emphasize that, over-
all, there has been a consistent positive relation between water
pollution andMN, as several field and laboratory studies done
with teleosts showed a higher prevalence of MN after expo-
sure to environmental pollution or to different chemicals
under controlled conditions (Minissi et al. 1996; Da Rocha
et al. 2009). However, this is not always true. For example,
Carrasco et al. (1990) found no steady correlation between
abnormal variations of the erythrocyte nuclear morphology
and neither (1) the measured levels of contaminants in sedi-
ments and in bile or liver of the white croaker (Genyonemus
lineatus), nor (2) the prevalence of idiopathic liver lesions.
Also relevant here is that variability inMN frequency exists in
different studies, even with humans (Speit and Schmid 2006).
So, there are inter and intraindividual variances when
assessing the frequency of MN and of other nuclear anoma-
lies, and thus there is a potential for misclassification and a
need for adequate sampling. Despite limitations, at least the
MN are well established indicators of genotoxicity in fish
(Cavas et al. 2005; Da Rocha et al. 2009).
In parallel to the MN, other ENMAs are often noted in fish
subjected to environmental pollution or experimentally exposed
to genotoxic/cytotoxic chemicals (Ayllón and Garcia-Vazquez
2001; Barsiene et al. 2006; Çavas and Ergene-Gözükara
2005a). In wild fish, the quantification of ENMAs was proved
useful to understand the type/intensity of chemical impacts in
health (Rodriguez-Cea et al. 2003). Those abnormalities are
also regarded as indicators of cytotoxic/genotoxic damage in
fish and, therefore, they are viewed as useful complements to
MN scoring in genotoxicity surveys (Çavas and Ergene-
Gözükara 2005b). However, authors have been using diverse
classifications for the ENMAs. For example, whereas Carrasco
et al. (1990) described the abnormal nuclei as being blebbed,
notched or lobed, other authors reported nuclear abnormalities
grouping them into the single category of ‘genotoxic damage’
(Ayllon and Garcia-Vazquez 2000; Pacheco and Santos 1999).
Strunjak-Perovic et al. (2009) used a scoring system for
ENMAs as advised by Carrasco et al. (1990), but blebbed,
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lobed and notched nuclei were interpreted together and named
‘irregularly shaped nuclei’ (ISN); vacuolated nuclei (VN), bi-
nucleated cells/binuclei (BN) and micronuclei (MN) were clas-
sified separately— the various strategies complicate
comparisons.
Despite the potential value of the study of both ENMAs
and MN, there is not much data available for fish in
Portuguese estuaries. However, the presence and effects of
genotoxic pollutants cannot be discarded, and it is likely to
occur, namely facing reports of pollution by different classes
of chemicals. This is the case of the estuariesMondego, Douro
andAve rivers, in Portugal, where chemical surveys have been
systematically disclosing significant amounts of pollutants of
various classes, often within biologically hazardous ranges
(Carvalho et al. 2009; Díez et al. 2005; Madureira et al.
2009, 2010; Ramalhosa et al. 2005; Ribeiro et al. 2009a, b;
Rocha et al. 2011, 2012a, b, 2013a, b). Taking all into con-
sideration, we suspected that fish living in those estuaries
faced different levels of stress, and could be differently im-
pacted by genotoxicity. Among the fish in those estuaries,
mullets are prevalent; being well suited for biomonitoring
(Whitfield et al. 2012). So, this study was made to evaluate
genotoxicant exposure via damage impact assessment, using
the grey mullet as bioindicator and regarding the nuclear
abnormalities of erythrocytes as proxies of the genotoxicity.
Our specific aims were to: (1) characterize the morphological
types and frequencies of ENMAs; including (2) assess the
frequency of MN; and (3) infer about the possibility of
exposure to genotoxicants in the three estuaries.
Materials and methods
Biology of the bioindicator species
The grey mullet (M. cephalus) is the most widespread species
among the family Mugilidae, but almost nothing specific is
published about the biology of this fish in Portugal, and so we
must rely on general sources of information for the species;
namely as it is present in the coastal waters of most tropical
and subtropical zones. The species is catadromous and
eurihyaline, being found coastally, particularly in estuaries
but also in freshwater bodies; it is tolerant of a wide range
of salinities. They spend most of their life in brackish and
freshwater and are sexually mature after 3 to 4 years.
Adults form schools at the surface, over sandy or muddy
bottoms, and migrate offshore to spawn (autumn to win-
ter). Evidences suggest that specimens spawn more than
once in lifetime, do return to estuaries after spawning, and
recaptures support that they home back to the same estu-
ary and that they do not migrate in some years (spawning
does not occur, and gametes are reabsorbed). Initially, the
larvae migrate inshore to extremely shallow water, and
later juveniles (≈5 cm) move into slightly deeper waters.
Grey mullet is a diurnal feeder, mainly eating zooplank-
ton, dead plant matter, and detritus. Feeding by sucking
up the top layer of sediments, they remove both detritus
and microalgae. They also pick up some sediment, which
serves to grind food in the gizzard-like portion of their
stomachs. Mullet also graze on epiphytes and epifauna
from seagrasses as well as ingest surface scum carrying
microalgae at the air-water interface. The above data and
further aspects of the biology of the species are detailed
elsewhere (Bartulović et al. 2011; Blaber 1976; Cardona
2006; CostaEiras and Carraca 1979; Oren 1981; Saleh 2006;
Whitfield et al. 2012).
Sampling area
Capture and sampling of grey mullets was done in three
important (centre- and north-western) Portuguese estuaries:
Ave, Douro and Mondego (Fig. 1). As summarized by
Rocha et al. (2013a), the Ave River is located in Northwest
Portugal, running along intensive agricultural areas that drain
large amounts of agrochemicals into the water bodies; it
reaches the Atlantic Ocean at Vila do Conde city, housing
about 28,600 habitants. Besides, the area is one of the most
industrialized of the country, supporting many industries,
namely textiles, metal plating, leather tanning, rubber and
plastic, cutlery and metalworking; high levels of pollution
was registered in the last decades. As summarized by Rocha
et al. (2012a; 2013b), the Douro river is an international
watercourse that originates in north-central Spain, runs along
the Spanish-Portuguese border, and enters the Atlantic Ocean
at the city of Porto. The latter area is densely inhabited, with
more than 700,000 residents in the last 8 km of the estuary.
This is the final “reservoir” of all the water that comes
from the Douro basin, the biggest of the Iberian Peninsula,
as well as from agriculture (especially of grape vines)
located in Douro River margins. Due to climatic and soil
conditions, agricultural practices in this region are strongly
dependent of pesticides. As summarized by Ribeiro et al
(2009a, b), the Mondego River flows from the Serra da
Estrela mountain to the Atlantic Ocean, running through
rural and importantly urbanized and industrialized areas
before reaching its estuary. Its main pollution sources are
effluents—most from sewage treatment plants giving sup-
port to about 200,000 inhabitants and to different types of
industries—and agricultural run-offs, the end result of
15,000 ha of cultivated land (mostly rice and corn fields)
located upstream the Mondego estuary; despite reported as
less polluted than the two other estuaries, its pollution
increased over the last decade. Despite this fact, there are
zones in the estuary that are being used as references, for
instance as to mercury pollution (Cardoso et al. 2009)
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Fish collection
Fish were caught in campaigns made in two periods per year
(on average, n=42/per period), in spring–summer (SS) and in
autumn–winter (AW), using nets and fishing rods. Sampling
was done in 2006 (Mondego), 2007 (Douro) and 2008 (Ave).
Soon after being caught, the fish were immediately
transported alive to in-house facilities where they were held
alive in plastic tanks of 500 L (1.2×1.0×0.7 m) supplied with
continuously flowing brackish water, at flow rates of 2,000 L/
h and with both mechanical and biological filtration systems.
The oxygen level was kept near saturation by continuous
aeration. The dark/light photoperiod was adjusted to the season,
in order to simulate the natural photoperiod. For logistic reasons,
but maintaining comparability, sampling started only on the day
following capture, and so each fishwas held in the systems for up
to 48 h before blood collection. This was performed immediately
after euthanasia using a 200 mg/L overdose of tricaine methane
sulfonate (MS-222, Sandoz). The procedures were equally stan-
dardized for all estuaries. During all fish handling processes, in
the field and until sampling, the animal research ethics guidelines
were respected considering national and European Union laws.
Before necropsy each fish was weighed and measured, and
thereafter inspected for external and internal gross lesions.
Cytological technique and evaluation of ENMAs
Blood samples were obtained by caudal venipuncture using
heparinized syringes (with needles of different length and gauge,
according to fish size). Then, the blood was immediately
smeared on ethanol-washed slides and allowed to air dry,
before fixation in absolute methanol for 10 min, with two
slides being prepared per fish. Slides were stained using
the Diff-Quik procedure. From each fish, 150 fields of
view were observed in live images displayed on a 22″
LCD monitor (at final magnification of ×2,500), captured
with a high-quality Peltier cooled digital camera (DP71,
Olympus), mounted on a microscope (IX71, Olympus)
equipped with motorized stage and a PlanApo ×100 oil im-
mersion objective (NA=1.5). To unbiased sample the eryth-
rocytes and avoid edge effects we used a square sampling grid
with forbidden lines (Gundersen 1977), which occupied 30 %
of the displayed live image. At times, analysis was
complemented by direct observation via the microscope eye-
piece (final magnification ×1,000). Around 1,000 to 1,700
cells were analysed per fish.
As to identification criteria, all the non-refractive, isolated,
circular or ovoid chromatin bodies, smaller than one third of
the main nucleus and displaying the same staining and focus-
ing patterns of the latter, were scored as MN (Al-Sabti and
Metcalfe 1995; Carrasco et al. 1990). ENMAs (including
MN) were sorted into six groups: (1) Polymorphic (PM)—
with irregular nuclei outlines and no consistent pattern; (2)
Segmented (SM)—symmetrical or asymmetrical hourglass
shaped nuclei; (3) Kidney shaped (KN)—nuclei with a kidney
shaped profile; (4) Blebbed/lobed/notched (BLN)—blebbed
nuclei had a relatively small evagination of the nuclear enve-
lope, lobed nuclei were those presenting evaginations larger
that the blebbed nuclei, a notched nucleus had an appreciable
invagination. All three were grouped as BLN; (5) Binucleated
Fig. 1 Geographic location of the
three watersheds studied, in the
centre and north of Portugal,
namely the estuaries of the
Mondego, Douro and Ave rivers
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(BN)—two nuclei with approximately equal sizes, but clearly
separated; (6) Micronucleus (MN)—as defined above; (7)
Vacuolated (VC)—nucleus with a vacuole (typically centrally
located). The frequencies of each type ENMAwere expressed
per 1,000 erythrocytes (per mil). The sum of the frequencies of
all types of abnormalities (PM+SM+KN+BLN+BN+MN+
VC) was also calculated per animal.
Physicochemical parameters of the water
Surfacewater sampleswere taken near the locationswhere fishes
were captured, both at high and low tide. Several basic physico-
chemical parameters were quantified and grouped for this study
as for the biological data, i.e. in sets of SS and AW, pooling all
the relevant measurements. The temperature, pH, dissolved ox-
ygen, conductivity and salinity, were evaluated at the field
locations, using a portable electrochemical analyzer (Hach
Lange HQD-Electrochemistry Multi-meter). For carrying to the
laboratory, the bottles with samples were stored at ≈5 °C. At the
facilities, the amounts of nitrite, nitrate, total ammonia and
phosphate were measured (in duplicate) using a Palintest 7000
Interface Photometer. The data served to see if there was any
pattern that could be related with the ENMAs rates.
Statistical analysis
Data are given as mean followed by the standard error per fish
group. The software Statistica 10 (StatSoft) was used to test
comparisons of ENMAs rates. Data were analysed by one-way
ANOVA followed by post hoc tests. Analyses were done either
joining all seasonal data per estuary, or separating data sets per
season. Normality and homogeneity of variance were checked,
respectively with the Shapiro-WilkW test and the Levene test.
There was no homogeneity of variances for the data grouped by
seasons, and so the sets were analysed by the non-parametric
Kruskal-Wallis test, followed by comparisons of mean ranks of
all pairs of groups, conducted by the Siegel and Castellan post
hoc test. When using data sets separated by season, analyses
were made via the parametric one-way ANOVA, followed by
the post hoc Newman-Keuls test. The standard significance
level of 5 % was adopted and so when we mention in the text
that a difference was statistically significant this means that the
null hypothesis was rejected and that p<0.05.
Results
Fish data
In the Mondego estuary, 39 animals were analysed in SS
(body mass (BM)=501.4±426.9 g; total length (TL)=35.6±
10.0 cm) and 52 in AW (BM=454.8±225.9 g; TL=37.6±
7.6 cm); in Douro, 43 animals in SS (BM=381.0±124.6 g;
TL=37.2±4.9 cm) and 34 in AW (BM=430.2±108.3 g; TL=
38.2±3.2 cm); and in Ave, 39 animals in SS (BM=456.5±
186.6 g; TL=35.92±4.4 cm) and 35 in AW (BM=478.8±
199.8 g; TL=37.8±4.7 cm). The groups did not differ signif-
icantly (p>0.05) in BM or in TL.
Frequencies of nuclear abnormalities
Data on the occurrence of ENMAs are summarized in Table 1
(seasons joined) and Table 2 (considering seasons separately),
which include the summary of the statistical analyses by
signalling all the significant differences. Data are presented
per estuary and were not split by sex as males and females did
not differ in ENMAs rates. Overall, the most frequent abnor-
mality was the PM, sequentially followed by BLN, SM, KN,
VC, MN and finally BN. The PM was typically ≥50 % of the
total ENMAs, averaging about 51 affected erythrocytes/1,000
counted erythrocytes, when considering all three estuaries.
The most serious lesion, the MN, average among the three
estuaries was 0.52 micronucleated cells/1,000 erythrocytes.
Looking at all lesions summed, the total ENMAs tended to
increase from theMondego towards the Ave. In the Douro and
Ave, the ENMAs existed in about 10 % of the erythrocytes.
Accordingly, the statistical differences followed the trend,
with the mullets from the Mondego displaying significantly
lower total figures than those from Douro and, particularly,
than those caught at the Ave. When we viewed the seasons
separately, the same trend existed, with the Mondego
displaying almost always lower frequencies than the Ave
Table 1 Frequencies of total and of specific erythrocytes nuclear morphological abnormalities (ENMAs) (n/1,000 erythrocytes) in mullets from the
Mondego, Douro and Ave estuaries (data from seasons joined)
PM SM KN BLN BN MN VC Total ENMAs
Mondego 43.24±3.41a 11.67±1.30a 4.00±0.25a 14.06±0.70a 0.02±0.01a 0.41±0.07a 0.58±0.07a 73.29±4.59a
Douro 56.91±4.05b 16.62±1.61b 6.02±0.60a 19.53±1.28b 0.02±0.02a 0.35±0.08a 1.20±0.26a 100.66±6.08b
Ave 52.55±3.16b 13.00±0.73b 8.10±0.73b 31.63±2.40c 0.15±0.03b 0.75±0.12b 2.23±0.29b 108.42±4.81b
Data given as mean±standard error (Mondego n=91 fish; Douro n=77; Ave n=74). Values bearing different superscript letters differ significantly
(p<0.05)
PM polymorphic, SM segmented, KN kidney shaped; BLN blebbed/lobed/notched, BN binucleated, MNmicronucleus, VC vacuolated
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(both in SS and AW) and the Douro (only in relation to AW,
but with the SS value clearly showing a midway trend towards
an higher number than that seen at the Mondego).
Considering each type of ENMA, the fish from the
Mondego tended to exhibit lower values, whatever the season,
except for the cases of the BN and MN, which, overall,
displayed similar values in both the Mondego and Douro.
Still without looking at seasons, the Mondego and Ave fish
significantly differed not only in total ENMAs but also in PM
and BLN. As to fish from the Ave, the final numbers were
always significantly higher than those from the Mondego, and
in addition often higher than those from the Douro. Looking at
the data in more detail, the differences between the Mondego
and the Douro occurred essentially in AW. As to the Ave, and
now considering seasons, the local fish consistently had sig-
nificantly higher values, particularly in AW, both in relation to
the Mondego and to the Douro. For most of the particular
ENMAs, there were no significant differences between sea-
sons, but when such few differences existed the fish from AW
always presented higher values than those from SS. Only in
fish from the Douro did the total ENMAs differ significantly
between the seasons, being highest in AW.
Finally, as to the MN, the most striking result was the fact
that if we take all data together the fish from theMondego and
Douro mullets had a similar frequency, which was significant-
ly lower than that in the Ave. Within each estuary, there were
no significant seasonal differences as to the MN rates.
Water data
Water physicochemical parameters are displayed in Table 3.
When searching for global patterns that could match, or at
least follow the same general trends of the ENMAs frequen-
cies, none of the parameters did it unequivocally. Anyway, the
average loads both of nitrate and phosphate were (two to three
times) were greater in the Ave. As to consistent data trends, the
most obvious aspect is the expected lowering of temperature
in AW. No hypoxic conditions occurred; oxygen levels and %
saturation were quite ordinary.
Table 2 Frequencies of total and of specific erythrocytes nuclear morphological abnormalities (ENMAs) (n/1,000 erythrocytes) in mullets from the
Mondego, Douro and Ave estuaries, at each sampling season
PM SM KN BLN BN MN VC Total ENMAs
Mondego (SS) 40.57±4.21a 13.51±1.99ab 4.03±0.41a 13.96±1.10a 0.03±0.03ab 0.52±0.12ab 0.63±0.10a 73.25±6.39a
Mondego (AW) 45.25±5.08ab 10.29±1.71a 3.98±0.33a 14.13±0.95a 0.01±0.03ab 0.33±0.83a 0.55±0.10a 74.54±6.54a
Douro (SS) 48.52±5.36ab 16.90±2.64b 4.28±0.53a 15.15±1.15a 0.02±0.02ab 0.31±0.74a 0.60±0.15a 85.77±7.77a
Douro (AW) 67.53±5.77c 16.27±1.54b 8.23±0.41b 25.08±2.12b 0.03±0.01a 0.39±0.12a 1.96±0.53b 119.49±8.75b
Ave (SS) 54.43±4.00bc 13.04±0.90ab 8.59±1.02b 32.67±2.57b 0.10±0.03b 0.64±0.12ab 2.40±0.32b 111.85±5.69b
Ave (AW) 49.85±5.70ab 12.96±1.05ab 7.41±0.79b 30.16±4.04b 0.24±0.06c 0.90±0.23b 1.99±0.46b 103.51±7.27b
Data given as mean±standard error (average n=42 fish/season). Values bearing at least one different superscript letters differ significantly (p<0.05)
SS spring–summer; AW autumn–winter, PM polymorphic, SM segmented, KN kidney shaped, BLN blebbed/lobed/notched, BN binucleated, MN
micronucleus, VC vacuolated
Table 3 Water physicochemical parameters for the Mondego, Douro and Ave estuaries, at each season
Mondego (SS) Mondego (AW) Douro (SS) Douro (AW) Ave (SS) Ave (AW)
pH 8.0±0.1 7.9±0.1 7.7±0.1 7.8±0.1 7.9±0.8 7.8±0.8
Temperature (ºC) 19.0±0.8 13.4±0.3 21.8±0.7 12.7±0.8 19.6±1.9 13.3±0.2
Salinity 10.7±2.4 4.4±1.7 7.5±2.3 10.0±2.1 9.6±2.1 11.1±2.0
Conductivity (mS/cm) 18.4±3.5 8.7±2.8 11.1±3.6 14.9±3.2 15.0±3.4 14.5±3.1
O2 dissolved (mg/L) 8.3±0.3 8.9±0.4 8.6±0.3 10.0±0.8 9.0±0.2 8.8±0.5
O2 saturation (%) 93.0±1.8 85.4±2.7 95.5±3.2 88.6±3.3 92.8±2.9 83.9±0.6
Nitrite (mg/L) 0.1±0.0 0.1±0.0 0.3±0.2 0.2±0.1 0.3±0.1 0.1±0.0
Nitrate (mg/L) 1.2±0.2 1.4±0.1 0.5±0.1 0.5±0.1 2.3±0.4 3.7±0.3
Total ammonia (mg/L) 0.2±0.0 0.4±0.1 0.5±0.2 0.6±0.3 0.2±0.1 0.4±0.1
Phosphate (mg/L) 1.1±0.3 0.6±0.1 0.9±0.2 0.9±0.2 2.5±0.2 2.5±0.2
Data given as mean±standard error (average n=16 samples/season)
SS spring–summer, AWautumn–winter
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Discussion
The first aim of this study was the characterization of the
morphological types and frequencies of ENMAs in mullets
from the Portuguese estuaries of the Mondego, Douro and
Ave rivers. The aim was achieved for mullets from the three
estuaries, which displayed all types of the reported nuclear
changes. These often appeared with different frequencies. All
types of diagnosed ENMAs (including MN) were earlier
described in the literature. However, it was not detected in
the samples a condition usually designated as “fragmented
nuclei”. As mentioned in the “Introduction”, the way re-
searchers have been grouping particular ENMAs differs
among studies, including those related with fish and environ-
mental monitoring. Herein, it was made an effort to report
each type of ENMA individually, which induces a longer time
of analysis but potentially provides a more refined approach.
For practical reasons, the only grouping made was that re-
ferred as BLN. It is emphasized that this kind of strategy and
grouping was also followed by other authors, including those
using fish (e.g. Gökalp Muranli and Güner 2011; Strunjak-
Perovic et al. 2009). The diagnosing criteria for every ENMA
under analysis is often either not well explained, or adequately
and unequivocally illustrated (except for micronuclei), at least
in literature with fish, and that is why we included herein a
schematic illustration of each considered category (Fig. 2).We
think that our approach serves well the research area in terms
of better clarifying the several ENMAs at stake, as it offers, for
the first time, a practical user-friendly illustration standards
that complement the information presented in some “classic”
articles (e.g. Al-Sabti and Metcalfe 1995; Bolognesi et al.
2006; Carrasco et al. 1990).
Very few field studies were done in Portuguese estuaries
looking at genotoxic biomarkers in fish species, either by
sampling wild animals or making in situ exposures (Costa
et al. 2011; Oliveira et al. 2010; Guilherme et al. 2008; Maria
et al. 2006; Pacheco and Santos 1999). Most of the studies
targeted the Aveiro (Aveiro lagoon) and Lisbon regions
(Tagus and Sado estuaries). The Mondego, Douro and Ave
estuaries lacked such kind of approach. So, despite the more
recent efforts, little information is presently available to help
mapping and monitoring genotoxic exposure in such ecosys-
tems, namely by looking at the occurrence of those kinds of
biomarkers at a particular time, and then following their
progress with time. The analysis of ENMAs is particularly
interesting for the latter case (i.e. monitoring over time), not
only by the reasons already cited in the Introduction, but also
for the real potential of sampling only the blood in the field
without actually killing the animals. Though, and as a starting
point for evaluating the three ecosystems, individuals were
sacrificed because they served varied working purposes.
As to the total number of ENMAs, the values were lower in
the Mondego and equally higher in the Douro and Ave, with
mean frequencies of ≈73‰, in the former, and ≈101 and 108
‰ in the latter. Concerning field studies, authors have been
considering different combinations of ENMAs to compute
total frequencies. By caution, we will not directly compare
herein our total values with those from other studies. The
important here is that this data on the total ENMAs suggested
a scenario of greater exposure to genotoxic contamination in
the Douro and Ave estuaries. Other field surveys that used
total ENMAs to access such type of contamination support
our view (no matter what combination of nuclear abnormali-
ties was ultimately included in the total counts) (Cavalcante
et al. 2008; Van Ngan et al. 2007).
The analysis of the MN partially corroborated the pattern
offered by the total ENMAs, since the mullets from the
Mondego and Douro had similar frequencies of MN, and
those from the Ave had significantly higher rate of the lesion;
on average 0.75‰. Thus, these data supports the hypothesis
Fig. 2 Realistic representation of
the different kind of erythrocytes
nuclear morphological
abnormalities (ENMAs)
considered in this study and that
could serve as a practical guide
for other field surveys
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that the latter estuary was more impacted by pollution with
genotoxicants. Good studies were published supporting this
kind of environmental inference. For example, Minissi et al.
(1996) noted a higher rate of MN in fish caught in the polluted
river Tiber (Italy), ≈0.32‰, when compared to fish (Barbus
plebejus) both from the Mignone river (inside an unpolluted
natural reserve), with ≈0.15‰, and from in-house produced
controls, with ≈0.05‰. In the same vein, Porto et al.
(2005) found much higher frequencies of MN in three
species from different trophic levels from the Madeira river
(a mercury polluted system), averaging ≈0.4 to 1.8‰,
compared to baseline rates (of ≈0.01‰) for the same
species from an unpolluted area of the Solimões River.
Equally, in a study by Rybakovas et al. (2009), the fre-
quencies of MN were higher than the reference values
(<0.05 and <0.1‰ depending on location), and up to 0.5
‰, in two flatfishes (Platichthys flesus and Limanda
limanda) from areas close to oil and gas platforms in the
North Sea, and in zones related to extensive shipping and
affected by contamination from large European Rivers
(Elbe, Vistula and Oder). Finally, we must refer a study
that also targeted the grey mullet as bioindicator, which
showed that the frequencies of several ENMAs (including
MN) in erythrocytes from polluted areas in the south-
eastern Mediterranean coast of Turkey were significantly
higher than those from one reference zone (Çavas and
Ergene-Gözükara 2005b). Overall, if only MN were
analysed in our study, we could theorize, with a reasonable
likelihood of certainty, that the Ave estuary was being
more impacted with genotoxic compounds. However, only
looking at other ENMAs, we could refine the relative
pollution status of the Douro estuary; this further
strengthens the interest of looking at further ENMAs rather
than solely the MN.
It is opportune to mention that despite in the above-cited
environmental studies the frequencies of MN were within the
ranges got in the present study, there must be caution when
interpreting the data exact meaning facing the difficulty in
establishing sound reference values for supporting generaliza-
tions. So, conclusions must be essentially based on compara-
tive reasoning on diversely affected scenarios rather than on
just looking at single cases. Accordingly, we should not con-
clude by solely looking at the MN rates that either the
Mondego or the Douro estuaries would not be impacted at
all by genotoxicants. On the contrary, because frequencies of
MN>0.3‰ (in fish erythrocytes) usually reflect genotoxic
polluted ecosystems. Moreover, surveys under contamination
gradients may actually reveal alleged reference values (includ-
ing for mullets) that are much higher than those found in the
present work. For example, in a study made in the Goksu
Delta (Turkey), grey mullets from the reference areas (up-
stream of the polluted zones) had an average MN rate of
1.26‰; the value rose to up an impressive 3.86‰ in the
considered polluted areas (Ergene et al. 2007). A similar trend
was found also in grey mullets, but now from the Saronikos
Gulf, Greece (Tsangaris et al. 2011). The above considerations
also apply to all the other ENMAs, and therefore warn that
significantly lower values of a particular ENMA in a suppos-
edly less polluted area should not be simplistic viewed as
synonymous of having an environment that is free from
genotoxicity.
To help interpreting the inferences between the presence of
ENMAs (including MN) and the presumed local ongoing
pollution by genotoxicants, one further aspect we want to
emphasize concerns the question of an eventual lag between
the contact of the fish with chemicals and the surge of
ENMAs. Experimental data have been consistently proving
that MN and other abnormalities appear very rapidly after
such exposures. For instance, in an experiment undertaken
with two species of cichlids (Palhares and Grisolia 2002), it
was verified that fish injected intra-abdominally with either
cyclophosphamide or mitomycin C significantly raised the
MN rates in erythrocytes within 1 day. Studies with common
water pollutants have corroborated those with reference
genotoxicants, as in the case of a waterborne assay with an
atrazine-based herbicide, which evoked MN in erythrocytes
on the goldfish (Carassius auratus) in just 2 days (Cavas
2011). On the other hand, withdrawal of genotoxicant expo-
sure may also result on the decrease of ENMAs, as shown for
example in an experiment with the rainbow trout
(Oncorhynchus mykiss), in which after just a 96-h recovery
in clean water the rate of MN decreased (Bagdonas and
Vosylienė 2006). Decline of ENMAs after removing expo-
sures can actually continue over a wide period. For instance,
Minissi et al. (1996) noted that both at 50 and 100 days after
capture, barbels (Barbus plebejus) experienced amarked decrease
in MNwhen compared with the rate at the time of capture. All
the above implies that the presence of ENMAs in fish captured
at any particular environment very likely indicates that the
ecosystem was being impacted by genotoxicants, or at least
that it was recently polluted. Also, finding relevant levels of
ENMAs on different timings very possibly denotes that the
ecosystem in question was frequently—or even permanent-
ly—polluted with those kinds of chemicals. In this context,
the catadromous nature of mullets as mentioned in “Materials
and methods” should not influence the ENMAs frequencies.
With the above in mind, an aspect worth addressing is the
fact that our data were, overall, quite stable between the two
analysed seasons, and seasonal differences existed essentially
in the Douro: with fish from AW showing higher values in
four out of the five types ENMAs (but not in MN) and also in
the total ENMAs. Chemical monitoring studies in the Douro
estuary showed that seasonal fluctuations exist for certain
water pollutants, some of them having higher amounts in the
winter whereas other prevail in summer (Ribeiro et al. 2009b;
Rocha et al. 2012b). In view of this, we can hypothesize that
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the type and amount of pollutants appearing at particular
seasons is likely the cause of the ENMAs seasonality, but
we cannot advance a unique and indisputable explanation
for the stability versus variability of the rates. In support of
our version is the fact that Çavas and Ergene-Gözükara
(2005b), also studying grey mullets, found seasonal differ-
ences in MN rates in the zones but not in the reference (less
polluted) area. So, the most central message in our study is
that whatever the season, ENMAs existed and in relevant
rates, which strengthens conclusions about the presence of
genotoxicants in the estuaries, and that such pollution should
not be a random event, but it was (and likely is) frequent. The
existence of seasonal variations in the rate of ENMAs is not
unprecedented, but it is still largely underexplored. When
evaluating the seasonality of ENMAs in the gilthead sea
bream (Sparus aurata), Strunjak-Perovic et al. (2009) con-
cluded with the hypothesis that ENMAs may originate from
genetic disorders not necessarily connected with pollutants,
and that the expression of those non-pollution-related ENMAs
may depend on environmental conditions.
As to the interplay of biotic and abiotic factors on the
formation of MN and other ENMAs, we know, for instance,
that hypoxia induced MN in mice erythrocytes (Snyder and
Diehl 2005), but this is not inevitably the case for fish, as
shown in the slender seahorse (Hippocampus reidi) (Negreiros
et al. 2011). Recent reviews addressed the molecular mecha-
nisms and factors that may lead to the formation of MN and
other nuclear anomalies, in view of their accepted value as
biomarkers of genotoxic events and of chromosomal instabil-
ity (Bolognesi and Hayashi 2011; Fenech and Bonassi 2011;
Fenech et al. 2011). These reviews pointed the knowledge
many gaps in understanding those mechanisms, while
stressing that the formation of ENMAs is sensitive to defi-
ciencies of nutrients that are needed for genome maintenance,
and that, at least for humans, age, gender, and lifestyle play a
role; for aquatic animals, pH, salinity and temperature seem to
influence, with higher temperature favouring emergence of
MN (by increasing the mitotic rates). Considering that under-
standing the fine impacts of such influences in fish
ENMAs is currently scanty and that in biomonitoring it
is virtually impossible to control all the possible factors
that could influence the data, these should always be
interpreted as much as possible in the light of additional
retrospective or prospective information, namely from
chemistry, and from awareness of the relevant pollution
sources. Our present data seems primarily connected with
pollutants, considering that: (1) our baseline biological
samples were matched among estuaries, namely
concerning fish mass and size; (2) no hypoxic conditions
existed; (3) other abiotic factors did not reach extremes,
and particularly nitrites (potentially highly toxic for fish)
were fairly constant across estuaries; (5) the seasonal
cycles of temperature did not logically correlate at all
with the variation patterns of any of the ENMAs; (6) the
fairly high values of nitrate (and sum nitrite-nitrate) and
phosphate in the Ave (despite not per se in extremes that
could be viewed as stressful for fish) suggest there is
more pollution in that ecosystem (Chapman 1992); (7)
finally, all the chemical surveys published for all the
three studied estuaries—and that we cited throughout—
concur with our inferences.
As well acknowledged by Çavas and Ergene-Gözükara
(2005b), “an inherent weakness of an in situ study using wild
fish is the lack of a true negative control”, and so the interpre-
tations must take into account the data and conclusions from
previous or parallel studies, namely those that provide indica-
tions of the relative levels of pollutants at the sampling sites.
We conducted this approach in our present study. Facing the
lack of in-depth knowledge for every Portuguese estuary,
namely based on solid gold-standard chemistry—that have
been progressing in parallel with biomarker studies—we
could not initially pinpoint an indisputable reference for our
aims.We are investigating other estuaries (namely those of the
Lima and Minho rivers), to in time establish a superior refer-
ence scenario for future studies looking at ENMAs in mullet;
our pilot data for the Lima estuary (unpublished) suggest MNs
rates alike those of the Mondego. There are no data for the
Minho, also already used as reference in ecotoxicology
(Gravato et al. 2010).
Overall, this study showed that ENMAs existed in fish
from all three estuaries, with the rates of the abnormalities
suggesting that genotoxicants exposure and impacts were
increasingly existent from the Mondego, towards the Douro
and finally the Ave. These results are indeed in line with our
expectations, despite warning that the supposedly less pollut-
ed Mondego (sometimes used as a reference estuary) may be
still subjected to biologically relevant impacts of genotoxic
pollution. The current data nicely agrees with conclusions
drawn from the same fish, using the presence of ovotestis as
a biomarker of pollution by endocrine disrupting compounds
(Carrola 2011). Preliminary data on liver lesions also exposed
similar spatial trends (Carrola 2011). Overall, our biomarker
data (despite potentially related with different kind of pollut-
ants) clearly point to an increasing global pollution load from
the Mondego towards the Ave. Further supporting this infer-
ence, recent studies disclosed the presence of significant water
and sediment loads of well-known genotoxicants (pesticides
and polycyclic aromatic hydrocarbons) in the Douro and
nearby Porto costal region (Rocha et al. 2011, 2012b). Also,
and globally, the latest chemical screenings in the Mondego,
Douro and Ave estuaries, particularly those covering estro-
genic compounds (Ribeiro et al 2009a, b; Rocha et al 2011,
2012b, 2013a, b), do support our hypothesis of a growingly
worst pollution scenario, and increasing biological/
genotoxicity impacts on fish, from the Mondego towards the
Ave.
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Conclusions
Using the mullet as a bioindicator, a diversity of ENMAs was
found in the fish from the estuaries of the Mondego, Douro
and Ave Rivers. The total average frequency of the nuclear
abnormalities ranged from 73‰ in the Mondego to 108‰ in
the Ave. The ENMAs found were divided as follows: PM,
SM, KN, BLN, BN, MN and VC. The more emblematic
biomarker of ongoing genotoxicity (MN) displayed an aver-
age frequency of 0.41 and of 0.35‰, in the Mondego and
Douro fish, respectively, and a significantly higher rate of
0.75‰ in the Ave mullets. Considering the data for both the
total ENMAs and for each specific nuclear abnormality, we
concluded that the fish were being exposed to genotoxicants
all throughout the year—most likely even in the reportedly
cleaner ecosystem (the Mondego estuary)—and that such
exposure followed a severity gradient towards the Ave
(Mondego<Douro<Ave). Importantly, the new data sets can
be used as baselines against which the results from future
biomonitoring studies can be compared with.
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